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Thermodynamic RNA Folding & Partition Function Benchmark:
Native Turner-2004 Zuker-McCaskill Engine vs. ViennaRNA
(RNAfold v2.7.2)

Evaluating O(N ) nearest-neighbor minimum free energy (MFE), McCaskill
inside-outside Boltzmann partition functions, RNA G-quadruplexes, and
mitochondrial MT-RNR1 A1555G aminoglycoside ototoxicity switches across 9
multi-kingdom loci

Non-coding RNAs -- including ribosomal decoding stems, transfer RNAs, fungal
internal transcribed spacers, and viral frameshifting elements -- depend on precise
base-paired secondary structures and thermal ensemble dynamics rather than amino

acid tranglation. Benchmarking our native 4-stage Turner-2004 nearest-neighbor
Zuker-Stiegler and McCaskill partition function engine against ViennaRNA v2.7.2
(RNAfold) across 9 reference loci (451 nt) yields an MFE correlation of r = 1.0000
(0.00 kcal/mol deviation across all 9 targets) and an ensemble free-energy

correlation of r =0.9998. Applied to human mitochondrial 12S rRNA (MT-RNR1), both
engines quantify a-4.60 kcal/mol stem-closure shift and a 3.1-fold drop in ensemble
diversity caused by the ototoxic A1555G variant.

1. Biophysical Foundations: Nearest-Neighbor Loop Thermodynamics &
the McCaskill Partition Function

Unlike protein-coding exons where selective constraint operates primarily on triplet
reading frames, structural RNAs fold into hierarchical topologies composed of
Watson-Crick ( G-C, A-U ) and wabble ( G * U ) base-pair stemsinterrupted by
hairpin loops, bulges, interior loops, and multibranch junctions. Under the
Turner-2004 nearest-neighbor thermodynamic model (Mathews et al., 2004) at
physiological temperature ( T = 37 deg C = 310.15 K, thermal energy RT = 0.6163
kcal/mol), the total folding free energy Delta G deg 37 of a secondary structure S

is decomposed into an additive sum over elementary loop faces rather than individual
hydrogen bonds:

DeltaG deg 37 ( S) = Sigma Delta G stack + Sigma Delta G hairpin + Sigma Delta G
bulge/int + Sigma Delta G multi + Sigma Delta G ext + Sigma Delta G rG4

Because an RNA molecule in solution populates a thermal Boltzmann distribution of
competing conformations rather than a single static fold, predicting only the

Minimum Free Energy (MFE) structure via the Zuker-Stiegler dynamic programming
recursion (Zuker & Stiegler, 1981) is often insufficient when aternative foldslie
within 1-2 RT of the ground state. The McCaskill inside-outside partition function
algorithm (McCaskill, 1990) sums the Boltzmann weights exp( Delta G ( S)/ RT ) over
the complete structural ensemblein O (N [3] ) time, yielding the ensemble free

energy DeltaG ens= RT In Z , the equilibrium probability of the MFE fold p (MFE) =
exp( (Delta G MFE Delta G ens)/ RT ), the base-pairing probability matrix Pij ,

and the ensemble diversity d = Sigmai <j 2 Pij (1 Pij).
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Generated by: Native 4-Stage Turner-2004 Zuker-Stiegler MFE, M cCaskill
Inside-Outside Partition Function, Lorenz rG4 & CBC Epistasis Engine* ViennaRNA
v2.7.2 (RNAfold -p/ -g: Lorenz et a. 2011; Turner & Mathews 2004) * Native
APC-Corrected Mutual Information & Potts Hamiltonian Co-Evolution Engine

2. Head-to-Head Calibration Across Nine Multi-Kingdom RNA Loci

To evaluate whether our native 4-stage thermodynamic engine reproduces the reference
ViennaRNA v2.7.2 ( RNAfold -p --noPS ) implementation (Lorenz et a., 2011), we
benchmarked nine biological and control RNA sequences spanning 451 nucleotides

across four domains and functional classes: prokaryotic ribosomal decoding and

peptidyl transferase stems ( Escherichia coli 16S Helix 18 and 23S Domain V Helix

73), human mitochondrial MT-RNR1 wild-type and A1555G ototoxic alleles, fungal 1TS2
Helix 111 and Saccharomyces cerevisiae four-way cloverleaf tRNA Phe, the

Betacoronavirus pandemicum (SARS-CoV-2) ORF1lab programmed 1 frameshifting element,
the human c-MYC 5 -UTR trandational repressor RNA G-quadruplex ( -g mode), and an
unstructured Plasmodium falciparum 3D7 poly(A/U) negative control.

Generated by: Native Column-Compressed Felsenstein Model Test Engine * Native 4-Stage
Turner-2004 Zuker-Stiegler MFE, McCaskill Inside-Outside Partition Function, Lorenz
rG4 & CBC Epistasis Engine * ViennaRNA v2.7.2 (RNAfold -p/ -g: Lorenz et al. 2011,
Turner & Mathews 2004)

Across all nine benchmark targets, our native engine achieves a 1.0000 Pearson

correlation on MFE free energies with 0.00 kcal/mol absolute deviation on every

single sequence (Table 1). On al eight canonical Watson-Crick/wobble RNA targets,

the native McCaskill partition function matches ViennaRNA v2.7.2 to 0.00 kcal/mol on

ensemble free energy Delta G ens, 0.0000 on equilibrium MFE frequency p (MFE) , and

1.0000 base-pair F1 and Jaccard 10U concordance on both MFE and centroid dot-bracket

structures. On the human c-MY C 5 -UTR RNA G-quadruplex ( UGGGGAGGGUGGGGAGGGUGGGGAAGG
), both engines compute the exact same MFE of 27.68 kcal/mol (three stacked

G-tetrads with 1-1-2 linker loops), while differing by a single terminal notation

character ( + vs. ViennaRNA's ~ loop-adjacent G-tract marker, F1 = 0.9565).

| Target RNA Locus | | NCBI Accession | | Length (nt) | | GC (%) | | Native MFE
(kcal/mal) | | ViennaRNA MFE (kcal/mol) | | |DeltaM FE| (kcal/mol) | | Native DeltaG
ens (kcal/mol) | | ViennaRNA DeltaG ens (kcal/mol) | | Base-Pair F1 | | Native
p(MFE) | | ViennaRNA p(MFE) | | Native Diversity d | | ViennaRNA Diversity d | |
Positional Entropy (i) (bits) |

| E. coli 16S Helix 18 (530-Loop) | | NC_000913.3 | | 48 || 56.25 | | -10.40 | |
-10.40(]0.00 | | -11.33 ] | -11.33| | 1.0000 | | 0.2220 | | 0.2220 | | 9.45 | |
10.18]0.7591 |

| E. coli 23S Domain V PTC Helix 73 || NC_000913.3 | | 52 | | 59.62 | | -17.80 | |
-17.80]0.00| | -18.91 | | -18.91 | | 1.0000 | | 0.1638 | | 0.1638 | | 5.12 ||
5.57 || 0.4363 |

| Human MT-RNR1 Wild-Type (1494C * 1555A) | |NC_012920.1 || 31 || 61.29 | | -9.00
|1-9.00 || 0.00 | |-9.44 | |-9.44 | | 1.0000 || 0.4919 | | 0.4919 | | 4.67 ||
4.67]]0.5231 |

| Human MT-RNR1 Ototoxic A1555G | | NC_012920.1 | |31 || 64.52 | | -13.60 |
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-13.60]0.00 | | -13.93 | | -13.93 | | 1.0000 | | 0.5881 | | 0.5881 | | 1.49 | |
1.54]0.2075 |

| C. albicans 5.85-1TS2 Helix 111 || NR_125332.1| |68 | | 42.65 | | -10.00 | |
-10.00 || 0.00 | |-11.76 | | -11.76 | | 1.0000 | | 0.0577 | | 0.0577 | | 17.11 | |
17.05]1.1094 |

| S. cerevisiae tRNA Phe Cloverleaf | | NC_001134.8 || 76 || 53.95||-22.40| |
-22.40]|0.00|]-24.13||-24.13 || 1.0000 | | 0.0607 | | 0.0607 | | 25.26 | |
23.38]|1.2836 |

| SARS-CoV-2 ORF1ab FSE Stem-Loops | | NC_045512.2 | | 68 | | 52.94 || -18.50 | |
-18.50 || 0.00 | | -20.64 | | -20.64 | | 1.0000 | | 0.0312 | | 0.0312 | | 21.81 |
21.77 || 1.3067 |

| Human c-MYC 5 -UTR rG4 Quadruplex | | NC_000008.11 | | 27 | | 74.07 | | -27.68 | |
-27.681]0.00||-28.11||-28.75]]0.9565 || 0.4979 || 0.1765 || 0.01 | |
1.53]]0.0033 |

| P. falciparum 3D7 Poly(A/U) Control | | NC_004331.3||50]]0.00]]0.00 ||
0.00[|0.00|]-0.09||-0.09]|1.0000||0.8590||0.8590|]|0.56 || 0.55
[10.1172 |

Generated by: NCBI Entrez E-Utilities* CRV Science Labs PoliteCacheManager * Native
Column-Compressed Felsenstein Model Test Engine * Native 4-Stage Turner-2004
Zuker-Stiegler MFE, McCaskill Inside-Outside Partition Function, Lorenz rG4 & CBC
Epistasis Engine * ViennaRNA v2.7.2 (RNAfold -p/ -g: Lorenz et al. 2011; Turner &
Mathews 2004)

3. Pharmacogenomic & Evolutionary Switch Analysis: Mitochondrial
MT-RNR1 A1555G Ototoxicity and 23S Helix 73 Epistasis

A critical application of RNA partition function modeling in clinical and

evolutionary bioinformaticsis quantifying how single-nucleotide variants reshape
conformational ensembles. In the human mitochondrial 12S ribosomal RNA gene (
MT-RNR1, NC_012920.1), positions 1494C and 1555A normally form an unpaired
internal mismatch loop at the base of the ribosomal decoding A-site (Figure 3). This
internal bulge creates a steric and el ectrostatic difference between human

mitochondrial ribosomes and bacterial 16S rRNA (where the homologous positions form
acanonical 1409C-1491G Watson-Crick base pair), alowing aminoglycoside antibiotics
such as gentamicin, tobramycin, and amikacin to selectively inhibit bacterial

protein synthesis.

Generated by: Native 4-Stage Turner-2004 Zuker-Stiegler MFE, McCaskill
Inside-Outside Partition Function, Lorenz rG4 & CBC Epistasis Engine* ViennaRNA
v2.7.2 (RNAfold -p/ -g: Lorenz et al. 2011; Turner & Mathews 2004)

Inindividuals carrying the maternally inherited MT-RNR1 A1555G transition (Prezant
et al., 1993), substituting guanine at position 1555 pairs directly with 1494C

across the decoding stem. Both our native Turner-2004 engine and ViennaRNA v2.7.2
show that this single nucleotide change lowers the MFE from 9.00 to 13.60 kcal/mol
(DeltaDelta G MFE = 4.60 kcal/mol) , lowers the ensemble free energy from 9.44 to
13.93 kcal/mol (DeltaDelta G ens = 4.49 kcal/mol) , and collapses the ensemble
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diversity more than threefold (from 4.67 to 1.49 , while mean positiona

base-pairing entropy drops from 0.5231 to 0.2075 bits/nt). This thermodynamic
rigidification locks the human mitochondrial decoding A-site into a bacterial-like
continuous helix, which is consistent with increased aminoglycoside binding affinity
and cochlear hair-cell ototoxicity.

Conversely, in the E. coli 23SrRNA Domain V peptidyl transferase center (Helix 73,
NC_000913.3), introducing an uncompensated double mismatch in the basal stem ( G3A,
G4A ) destabilizes the fold by DeltaDelta G MFE = +3.80 kcal/mol ( 17.80 -> 14.00
kcal/mol), unzipping the basal stem into two separate hairpins and nearly doubling
ensemble disorder (diversity d = 5.12 -> 10.22). Introducing the paired compensatory
substitution on the opposite strand ( C49U, C50U , forming canonical A-U pairs)

restores 100% of the wild-type 52-nt dot-bracket topology and collapses ensemble
diversity back from 10.22 to 5.42 (Table 2).

| Switch ID | | Genomic Locus | | Reference Allele | | Variant / Compensatory Allele
| |[WT MFE (kcal/moal) | | Variant MFE (kcal/mal) | | DeltaDeltaG MFE (kcal/moal) | |
WT DeltaG ens (kcal/mal) | | Variant DeltaG ens (kcal/mol) | | DeltaDeltaG ens
(kcal/mol) | | WT Diversity d | | Variant Diversity d | | Diversity Ratio |

| SWITCH-01-M TRNR1-A1555G | | Human MT-RNR1 Decoding A-Site | | Wild-Type ( 1494C *
1555A Loop) | | Ototoxic A1555G ( 1494C-1555G Pair) | |-9.00 | | -13.60 || -4.60 |
|-9.44||-13.93||-4.49 || 4.67]|1.49 || 3.13 ]

| SWITCH-02-23S-HELIX73-DESTAB | | E. coli 23S Domain V Helix 73 | | Wild-Type
G3-C50, G4-C49 Stem) | | Stem Disruption ( G3A, G4A Mismatch) | | -17.80 | | -14.00
|13.80||-18.91||-14.72 || 4.19]|5.12|| 10.22 || 1.99 |

| SWITCH-03-23S-HELIX 73-CBC-RESCUE | | E. coli 23S Domain V Helix 73 || Disrupted (
3A * 50C, 4A * 49C) | | CBC Rescue ( G3A,G4A + C49U,C50U ) | |-14.00 || -13.60 |
|-0.40 | |-14.72 || -14.67 || 0.05 || 10.22 | | 5.42 | | 1.89 |

Generated by: Native 4-Stage Turner-2004 Zuker-Stiegler MFE, McCaskill
Inside-Outside Partition Function, Lorenz rG4 & CBC Epistasis Engine * Native
APC-Corrected Mutual Information & Potts Hamiltonian Co-Evolution Engine

Discussion & Key Takeaways

1. Exact Nearest-Neighbor & Partition Function Parity: By directly parsing the
complete Turner-2004 parameter tensors -- including the 1,225-entry int11 ,
6,125-entry int21 , and 9,216-entry int22 interior loop tables alongside -d2

terminal mismatch dangles and sequence-specific tetraloop bonuses -- our native Rust
engine achieves 0.00 kcal/mol MFE deviation across al 9 benchmark targets and 0.00
kcal/mol ensemble Delta G ens deviation across all 8 canonical RNA structures
relative to ViennaRNA v2.7.2, while executing in 32.5 msin-process versus 573.4 ms
of external process-spawn overhead (17.7x speedup).

2. Why Partition Functions Matter Beyond MFE Dot-Brackets: On larger structured RNAs
such as S. cerevisiae tRNA Phe (76 nt) and the SARS-CoV-2 ORF1ab frameshifting
element (68 nt), the MFE structure represents only 6.07% and 3.12% of the thermal
Boltzmann ensemble at 37 deg C, respectively. Evaluating McCaskill base-pairing
probabilities P ij and positional entropy S (i ) separatesrigid, high-confidence

stems (such asthe MT-RNR1 A1555G stem where S (i ) drops to 0.2075 bits) from
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thermally fluctuating hairpins and attenuator loops.

3. Downstream Applications in Pharmacogenomics & Molecular Systematics:
Incorporating exact Turner-2004 MFE and McCaskill partition function scoring into

our automated genomics suite provides a quantitative biophysical filter for

screening mitochondrial pharmacogenomic variants ( MT-RNR1/ MT-RNR2 ), verifying
Compensatory Base Changes (CBCs) in eukaryotic ITS2 Helix |11 species delimitation,
and distinguishing true functional RNA structures from low-GC compositional noise
(such as the P. falciparum poly(A/U) negative control, Delta G MFE = 0.00 kcal/mal).
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